Antisocial behavior (AB), including violence, criminality, and substance abuse, is often linked to deficits in emotion processing, reward-related learning, and inhibitory control, as well as their associated neural networks. To better understand these deficits, the structural connections between brain regions implicated in AB can be examined using diffusion tensor imaging (DTI), which assesses white matter microstructure. Prior studies have identified differences in white matter microstructure of the uncinate fasciculus (UF), primarily within offender samples.
A C C E P T E D M
A N U S C R I P T may contribute to the various socioemotional, reward, and impulse-control deficits associated with AB (Raine, 2018) . Indeed, in a meta-analysis of 43 studies, AB was associated with reduced function and structure of prefrontal regions (e.g., orbito-frontal cortex, anterior cingulate and dorsolateral PFC) (Yang & Raine, 2009) . Interestingly, associations with amygdala reactivity have been less consistent, with evidence for both reduced and increased amygdala structure and function within AB (Raine, 2018) . These results have informed theories positing that disruption in the amygdala and PFC and their connections are key to the etiology of severe AB (Blair, 2007) . Thus, building on functional activation and connectivity studies, one important line of research has begun to examine how the structural connections between these regions may be related to AB.
White Matter Structure and Antisocial Behavior
Antisocial behavior and the uncinate fasciculus. To examine the structural connections in the brain, the microstructural properties of white matter tracts can be examined using noninvasive diffusion tension imaging (DTI). DTI measures the restriction of water molecule movement within each voxel in the brain (i.e., water diffusion; Beaulieu, 2002) and thus has been interpreted as indexing the "integrity" of white matter tracts (Soares, Marques, Alves, & Sousa, 2013) . Due to the focus on areas of the temporal lobe (the amygdala) and medial prefrontal cortex (vmPFC) in neuroetiologic theories of AB (Blair, 2007) , existing DTI studies of AB have focused primarily on the uncinated fasciculus (UF), a major fiber tract connecting these areas of the brain (Leng et al., 2016) . Consistent with this focus, a recent systematic review of existing studies of AB using DTI approaches (n = 10 adult studies; Waller, Dotterer, Murray, Maxwell, & Hyde, 2017) found substantial evidence for disrupted white matter microstructure in the UF being associated with AB across different populations (i.e., prison, community).
A C C E P T E D M A N U S C R I P T
Although the associations were less consistent, the review also identified several youth studies that found associations between AB and white matter microstructure in the UF (e.g., Breeden, Cardinale, Lozier, VanMeter, & Marsh, 2015; Sarkar et al., 2013; Zhang et al., 2014) .
Importantly, this review found that most studies specifically targeted the UF via a region of interest approach, with little attention to whether white matter may be disrupted in other tracts.
Notably, in studies that examine other white matter tracts both within the review (e.g., Hoppenbrouwers et al., 2013; Lindner et al., 2016) and in more recent studies (Bolhuis et al., 2019; Jiang et al., 2017) , there is evidence of widespread white matter disruption in AB (i.e., disruption across multiple tracts). For example, AB has been associated with disruptions in white matter of association fibers, which include the UF and connect the lower portions of the brain and spinal cord (e.g., cingulum CG; inferior fronto-occipital fasiculus IFOF; Bolhuis et al., 2019; Hoppenbrouwers et al., 2013; Jiang et al., 2017; Lindner et al., 2016; Mori, Wakana, Van Zijl, & Nagae-Poetscher, 2005) . Additional tracts implicated in AB include commissural tracts, which connect the two brain hemispheres (e.g., forceps minor and major; Lindner et al., 2016) , and projection tracts, which connect the cortex with lower portions of the brain and spinal cord (e.g., anterior thalamic radiation, ATR; Hoppenbrouwers et al., 2013; corticospinal tract, CST; Pape et al., 2015) . However, as so few studies have examined multiple tracts, additional research is needed to examine the association between AB and white matter at a more global level to determine disruption of white matter and if evident, its specificity (i.e., the UF versus widespread disruptions).
Sample type and consideration of callous-unemotional traits. Additionally, the sample types commonly used within the DTI and AB literature add complexity to associations between AB and white matter microstructure. The recent systematic review found that 70% of the adult A C C E P T E D M A N U S C R I P T studies (n = 10 studies total) were offender or clinical populations within primarily smaller sample sizes (Ns = 18 -147; 70% of Ns < 50 participants). However, previous research suggests that AB is dimensional in nature (Kreuger, Markon, Patrick, Benning, & Kramer, 2007;  Olson- Ayala & Patrick, 2018) , highlighting the need to test these relationships across the distribution of AB, particularly in community samples with levels of AB that vary from low to clinical. Moreover, in forensic samples, AB may be confounded with callous-unemotional (CU) or psychopathic traits (Frick & Myers, 2017; Patrick, 2007) . CU traits are a core affective and interpersonal component of psychopathic traits and refer to a lack of empathy, shallow affect, and remorselessness (Frick, Ray, Thornton, & Kahn, 2014; Hare & Neumann, 2008) . High levels of co-occurring CU traits are associated with more persistent and severe trajectories of AB (Frick et al., 2014) . As such, white-matter microstructure abnormalities may be uniquely associated with more severe AB marked by co-occurring CU traits, as opposed to AB more broadly.
However, the review noted that many prior studies did not account for co-occurring CU or psychopathic traits (Waller, Dotterer, et al., 2017) .
Importantly, neuroimaging studies have begun to show that associations between neural correlates and AB differ depending on the presence of psychopathic or CU traits. Task-based fMRI studies have found that AB without co-occurring CU traits is associated with hypersensitivity to threat (e.g., increased amygdala reactivity to threat), whereas AB with cooccurring psychopathic or CU traits is associated with diminished responsivity to interpersonal distress (e.g., decreased amygdala reactivity to distress or harm) (Hyde, Shaw, & Hariri, 2013; Viding & McCrory, 2018) . Moreover, studies examining connectivity during resting-state MRI (e.g., Philippi et al., 2015) and DTI (e.g., Breeden et al., 2015; Motzkin et al., 2011; Vermeij, Kempes, Cima, Mars, & Brazil, 2018 ) have also found that the level of psychopathic or CU traits A C C E P T E D M A N U S C R I P T moderated the relationship between AB and brain structure and function. Associations between AB and white matter microstructure may therefore be moderated by co-occurring psychopathic or CU traits such that only individuals with significant levels of both AB and CU traits demonstrate widespread white matter abnormalities. Thus, it is still unclear whether previous findings are the result of an interactive effect between AB and CU traits, and whether these associations are also present within adult community samples with a full dimensional range of AB and CU traits.
Psychiatric and demographic confounds. In addition to CU traits, there are other demographic factors and psychiatric comorbidities that could impact white matter microstructure, which have rarely been explored in prior studies of AB. For example, age and other psychiatric illnesses have been linked to differences in white matter microstructure (e.g., Baker, Yücel, Fornito, Allen, & Lubman, 2013; Daniels, Lamke, Gaebler, Walter, & Scheel, 2013; Westlye et al., 2009; White, Nelson, & Lim, 2008) , but few studies have examined these questions in a high-risk community sample that include a range of psychopathology that can be accounted for in analyses. Further, most previous studies have focused on middle-class European-American samples. Unfortunately, studies have found that African Americans are disproportionately exposed to low-income, dangerous neighborhoods (Leventhal & BrooksGunn, 2000) . Increased risk of exposure to environmental stressors (i.e., discrimination, poor nutrition, exposure to toxicants, material hardship) that are associated with lower socioeconomic status have been shown to impact brain development (Mays, Cochran, & Barnes, 2007; Raine, 2002) . Thus, different socioeconomic backgrounds could result in different neurodevelopmental trajectories toward AB (Chiang et al., 2011; Raine, 2018; Shaw & Shelleby, 2014) . Moreover, studies that have examined behavioral phenotypes (e.g., fear-potentiated startle; Baskin- Newman, Sathasivam, & Curtin, 2011) and functional brain correlates of AB (e.g., amygdala reactivity to distress and threat; Hyde et al., 2016) have found that many wellestablished findings do not replicate in samples of African Americans. Indeed, the sole study of AB and DTI to examine race as a moderator found racial differences in white matter microstructure (Decety, Yoder, & Lahey, 2015) . Taken together, additional research is therefore necessary in larger, racially and economically diverse community samples across the full dimension of AB, outside of forensic settings, while also examining the specificity of associations across tracts and accounting for the co-occurrence of CU traits, demographic factors, and psychiatric comorbidities.
Current Study
The current study examined associations between AB and fractional anisotropy (FA) and mean diffusivity (MD) values derived from DTI from major white matter tracts previously implicated in AB (Waller, Dotterer, et al., 2017) . FA, the degree to which water in an individual voxel diffuses coherently along a single orientation, has most commonly been used in previous studies of AB and DTI (Beaulieu, 2002; Chang et al., 2017) . However, changes in MD, the average diffusion in a voxel regardless of orientation, may further clarify the association between AB and white matter abnormalities. In particular, FA is sensitive to factors contributing to directionally coherent diffusion (e.g., density, caliber, and myelination of parallel axons), whereas MD is sensitive to factors contributing to directionally coherent diffusion (e.g., presence or absence of neural tissue) (Beaulieu, 2002; Chang et al., 2017) . We extracted FA and MD values using streamline tractography, which segment fiber pathways at the individual subject level by using the primary direction of diffusion in each voxel (Soares et al., 2013) . Streamline tractography is thought to be more sensitive than other approaches (e.g., voxel-based methods;
A C C E P T E D M A N U S C R I P T Lebel, Treit, & Beaulieu, 2017) because it better accounts for inter-subject variability in tract features (i.e., tract shape, location; Lebel et al., 2017) .
We utilized a low-income male sample, considered to be at heightened risk for AB based on gender, familial socioeconomic status, and urbanicity (Hyde et al., 2016) . Thus, we examined our hypotheses in a community sample enriched for higher levels of AB, providing a wide range of variability in AB and CU traits (Beck & Shaw, 2005; Gard et al., 2017; Hyde et al., 2016; . Our primary goal was to test whether AB was associated with greater rates of diffusion (i.e., greater FA and lower MD) within white matter tracts and whether these associations were stronger at high levels of CU traits. Our second goal was to establish the specificity of effects, by examining the impact of potential demographic and psychiatric confounds, including by testing moderation by race, and controlling for income and co-morbid psychopathology.
Methods

Participants
178 participants were drawn from the Pitt Mother & Child Project, an ongoing longitudinal study of 310 low-income, ethnically diverse boys and their families (Shaw, Hyde, & Brennan, 2012) . Participants were recruited from Allegheny County Women, Infants, and Children Nutritional Supplement Clinics in 1991 and 1992 when the boys were 6 to 17 months of age (Shaw, Gilliom, Ingoldsby, & Nagin, 2003; Shaw et al., 2012) . Within the full sample, the mean per capita income was $241 per month ($2,892 per year) with a mean Hollingshead socioeconomic status score of 24.5, indicative of a working class to impoverished sample.
Children and mothers were seen almost yearly from 1.5 to 20 years of age in the laboratory and/or home with assessments that included questionnaires and psychiatric interviews, and at 20 A C C E P T E D M A N U S C R I P T years of age, a magnetic resonance imaging (MRI) scanning session (Shaw et al., 2012) . The MRI component introduced several sources of data loss (Supplemental Table 1 ) resulting in 185 men with available DTI data. Of the 185 participants, one participant was excluded because of a diagnosis of autism spectrum disorder. Assessments included questionnaires Additionally, six participants were missing data for a variable of interest (i.e., antisocial behavior). Of the included participants (n = 178), most participants self-reported their race as either European American (n = 93, 52.2%) or African American (n = 69, 38.8%), and a small proportion (n = 16, 9%) of participants self-reported as "other". The participants were scanned in a narrow age range (Range Consistent with a community sample enriched for adversity, a proportion of participants met criteria for other psychiatric disorders (1.1% generalized anxiety disorder; 1.1% post-traumatic stress disorder; 6% specific phobia; 5.4% social phobia; 2.2% panic disorder; 1.6% bipolar disorder; 13% major depressive disorder; 13% substance use disorder). Additionally, some participants (14.1%, n = 26) reported that they were currently taking medications, although fewer than 4% reported taking medications specifically to treat psychopathology. At the age 20 assessment, within the current sample, 15.7% of participants (n = 28) had been charged with a non-violent crime, 10.1% of participants (n = 18) had been charged with a violent crime, and 12.9% of participants (n = 23) had been charged with a violent crime before the age of 18. Thus, in contrast to prior studies of AB and DTI in criminal populations, the current sample reflects a community sample with enrichment of and substantial range of AB.
Measures
The measures used in the current study were all administered at the age 20 assessment.
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T Self-reported antisocial behavior. To assess AB, the Self-Report of Delinquency Questionnaire (SRD; Elliott, Huizinga, & Ageton, 1985) was administered containing 53 ageappropriate items (e.g., vandalism, stealing, physical aggression, drug use; Hyde et al., 2016) .
These items were summed to form a dimensional measure of AB and demonstrated good internal consistency (α = .88).
Callous-unemotional traits. CU traits were assessed using a measure that combined the CU traits from the Antisocial Process Screening Device (APSD; Frick & Hare, 2001; e.g., ' concern about the feelings of others', 'feel guilty after wrongdoing') and 10 inversely-coded prosocial items from the self-report version of the Child and Adolescent Disposition Scale that assessed concern for others, helping, and sharing (CADS; Lahey, Rathouz, Applegate, Tackett, & Waldman, 2010; e.g., 'help others when they get hurt', 'share things with others'). The measure was developed to address widely replicated problems of low internal consistency of the APSD CU scale alone (Kotler & McMahon, 2010) , which was indeed marginal in this sample (α = 0.61). In a prior study also using this sample at age 20, we showed that the items from the APSD CU scale and CADS items formed a single construct, which demonstrated acceptable internal consistency (α = .83; Waller, Shaw, Forbes, & Hyde, 2015) .
DTI Preprocessing
DTI images were acquired using a research-dedicated Siemens 3-T Tim Trio. Diffusion sensitizing gradients were applied along 61 diffusion-weighted directions (b = 1000 s/mm 2 ).
Seven non-diffusion weighted volumes (b = 0 s/mm 2 ) were also collected. Images were collected with the following parameters: repetition time = 8400 ms, echo time = 91 ms, flip angle = 90° degrees, slice thickness = 2 mm, 64 slices. The raw diffusion-weighted images were denoised (Veraart et al., 2016) and then corrected for motion, eddy-current, and signal dropout artifacts
using eddy in FSL (version 5.0.11; . Intra-volume motion was corrected using slice-to-volume correction (Andersson et al., 2017) . Slices with an average intensity at least four standard deviations lower than predicted by eddy's Gaussian process model were considered outliers, and were replaced with model predictions (Andersson, Graham, Zsoldos, & Sotiropoulos, 2016) . Across participants, 0.02% to 3.68% of slices were replaced (median = 0.37%). Simulations suggest that up to 10% of slices can be replaced in this manner without producing deleterious effects . Detailed visual inspection of the ten images with the most slices replaced confirmed that no abnormal artifacts had been introduced.
DTI Tractography
After pre-processing, DWI images were analyzed using mrDiffusion, part of the opensource mrVista package (https://white.stanford.edu/software/). Whole brain fiber tracking was performed on AC-PC aligned tensor maps using a deterministic streamline tracking algorithm (Basser, Pajevic, Pierpaoli, Duda, & Aldroubi, 2000) . Automated path tracing proceeded until the FA fell below 0.15 or until the minimum angle between the current and previous path segments was greater than 30 degrees. The mrDiffusion package was then used to conduct automated fiber classification of major fiber tracts included in the Johns Hopkins University
White Matter Tractography Atlas (Mori et al., 2005 ) (see Thomason et al., 2010) . Mean FA and MD values were computed for the major fiber tracts outlined in the white matter atlas that have also been previously examined in DTI studies of AB (i.e., the UF, cingulum CG, inferior frontooccipital fasciculus IFOF, superior longitudinal fasciculus SLF, inferior longitudinal fasciculus ILF, forceps major, forceps minor, anterior thalamic radiation, and corticospinal tract). Of note, in the current study we do not include radial diffusivity (RD) and axial diffusivity (AD), which
are additional indices of white matter microstructure and have been thought to contribute to FA values (Winklewski et al., 2018) . AD and RD produce biased results due to their estimation method (e.g., utilization of a sorting procedure that does not take into account all three eigenvalues of the diffusion tensor), which is highly susceptible to noise and can result in inflated AD values and deflated RD values (Basser & Pierpaoli, 2011; Pierpaoli & Basser, 1996; Wheeler-Kingshott & Cercignani, 2009 ). FA and MD are not susceptible to the same biases due to differences in their estimation (e.g., incorporate all three eigenvalues) and have therefore been
proposed as more reliable measures of white matter microstructure (Basser & Pierpaoli, 2011; Pierpaoli & Basser, 1996) ; as such, we only include FA and MD in our analyses.
Statistical Analyses
All analyses were conducted in MPlus version 7.3 (Muthén & Muthén, 2014 ) using robust maximum likelihood estimation to account for non-normality and missing data (MLR; Yuan & Bentler, 2000) . All models were fully saturated. We began by computing bivariate associations among AB, CU traits, and resulting FA and MD of all tracts. Next, we examined a series of three models to isolate the specificity of the association between AB and CU traits and FA and MD values. To test our primary hypotheses regarding the association between structural connectivity and AB being contingent on level of CU traits, all models included main and interactive effects of AB and CU traits as independent variables and estimates for either FA and MD of each fiber tract as dependent variables (with both left and right tracts as correlated dependent variables), controlling for participant age and race (see Supplemental Figure 1 ).
Models included the white matter indices of left and right tracts of each fiber, which are typically highly correlated (and were highly correlated in this sample), to reduce the number of comparisons when possible. By including both hemispheres in a single path model, we are able
to model the covariance between the two measures to decrease multiple testing concerns. Age was included as a covariate in all models based on previous work demonstrating significant alterations in white matter tracts over development, particularly during early adulthood (Westlye et al., 2009 ). To explore any significant interactions between AB and CU traits, we used an online tool to examine simple slopes at the mean and 1 SD below (low) and 1 SD above (high) the mean of CU traits (Aiken, West, & Reno, 1991) , as well as regions of significance (Preacher, Curran, & Bauer, 2006) . When interaction terms were significant bilaterally, we probed the interaction for the tract with the larger effect size. Note that though all our analyses were planned with specific hypotheses, we additionally highlight and focus on associations that meet a strict conservative threshold to account for the eighteen models (i.e., nine tracts, including both right and left tracts within the same model) that were tested for FA and MD (i.e., Bonferronicorrection .05/18 = p < .003) ( Table 1; Table 2; Table 3 ). Additionally, as a second, less conservative approach that is instead not reliant on p-values nor distributional assumptions to determine significance, we also provide 95% confidence intervals from models conducted using bootstrapping (5,000 draws; Supplemental Table 4 ). To test whether associations with structural connectivity were different among African American versus European American participants, also we computed models that included two-and three-way interaction terms between AB, CU traits, and participant race, which we present in Supplemental Materials. To understand the nature of any significant three-way interaction terms, we used the GROUPING command in Mplus version 7.3 (Muthén & Muthén, 2014) to examine associations within African American and European American participants separately.
Although we focus our presentation of the results on the age-only covariates model, we computed additional models to determine whether the inclusion of other demographic and Hyde et al., 2016) .
Results
Are Associations between AB and DTI Moderated by CU Traits?
Bivariate correlations between main study variables are presented in Supplemental Table   2 (FA) and Supplemental Table 1, FA; Table 2 , MD; Supplemental Figure 1 ). There were significant interactions between AB and CU traits in relation to FA values for four of the nine tracts tested (i.e., left UF, right CG, left IFOF, bilateral ILF). Specifically, at high levels of CU traits (Bs = -.30 --.24; ps = .001 -.029), but not low or mean levels of CU traits, lower FA values were significantly related to higher AB (Table 3) . Across the tracts, region of significance analyses revealed that between 24.7-42.1% of the sample reached the level of CU traits at which AB was significantly associated with FA (Table 3) .
A C C E P T E D M A N U S C R I P T
Next, there was a significant interaction between AB and CU traits in relation to MD values for six of the nine tracts (i.e., right UF, bilateral CG, bilateral IFOF, right SLF, right ILF, left ATR). Specifically, at high levels of CU traits (Bs = .18 -.37; ps = .001 -.014), but not low or mean levels of CU traits, greater MD values were significantly related to higher AB (Table 3) .
The association specifically with the MD of the right IFOF was particularly robust, as it remained significant at the conservative Bonferroni threshold, correcting for multiple comparisons (Table 2) . Notably, the association between AB and the MD of the right UF at high levels of CU traits did not reach significance (B = .18, SE .09, p = .055; Table 3 ). Region of significance analyses revealed that between 13.5-46.1% of the sample had levels of CU traits at which AB was significantly associated with FA values (Table 3 ). There were no significant interactions in relation to either the MD or FA of three tracts: the forceps major, forceps minor, and CST.
To examine if the lack of direct association with AB was related to its cross-sectional measurement, we also examined whether developmental history of AB (e.g., early versus late starting) (Moffitt, 2018) was related to white matter microstructure. When comparing trajectory groups created from repeated self-reports of AB within this sample (age 10, 11, 12, 16, 17; resulting in an early starting/high group, a late starting group, and a low AB group; see Hyde, Burt, Shaw, Donnellan, & Forbes, 2015; Hyde et al., 2016; Shaw et al., 2012) , we again found little evidence for a direct association between AB and white matter or between age of onset of AB and white matter (i.e., only one finding; FA of the left SLF was significantly lower in the early starting/high group compared to the low group).
Overall, whereas there were no bivariate associations between either AB or CU traits and indices of white matter integrity, there was substantial evidence that AB was related to FA and
MD at high levels of CU traits. That is, the association between AB and white matter integrity was moderated by CU traits for most white matter tracts, and the shape of these interactions was strikingly similar across tracts (i.e., only high AB+CU traits significantly associated with lower FA; only high AB+CU traits significantly associated with greater MD; see Figure 1 for an example). Finally, the association between the interaction between AB and CU traits and MD of the right IFOF was particularly robust (i.e., significant after Bonferroni correction).
Are Associations Due to Demographic or Psychiatric Confounds?
In general, associations between AB and lower FA at high levels of CU traits were significant after controlling for income and co-morbid psychopathology (i.e., left UF, right CG, left IFOF, left ILF). The one exception was that, although AB was significantly associated with lower FA in the right ILF at higher levels of CU traits after controlling for income, the association was no longer significant after controlling for co-morbid psychopathology (Table 1; Supplemental Table 7) . When looking at associations with each symptom count, greater FA in the right ILF was associated with greater anxiety symptoms (Supplemental Table 7 ). However, the effect size of the association between the interaction term (AB+CU traits) and FA in the right ILF was similar to the model that did not account for psychopathology.
Similarly, most associations between AB and greater MD at high levels of CU traits remained significant after accounting for income and co-morbid psychopathology (i.e., right CG, bilateral IFOF, right SLF, right ILF, left ATR). The two exceptions were the right UF and left CG. Although AB was significantly associated with greater MD in both the right UF and left CG at higher levels of CU traits after controlling for income, the associations were no longer significant after controlling for co-morbid psychopathology (Table 2; Supplemental Table 8 ). Of note, the effect sizes of associations between the interaction term (AB+CU traits) and MD of the A C C E P T E D M A N U S C R I P T right UF and left CG were similar to the models that did not account for psychopathology.
Further, MD of either the right UF or left CG was not associated with any of the individual symptom counts of psychopathology. Taken together, in general the associations between AB and white matter microstructure at high levels of CU traits were not accounted for by other demographic or psychiatric confounds.
Do Associations Differ According to Race?
For the most part, associations between AB and white matter microstructure were similar across race, with four exceptions (3 significant interactions in relation to MD out of nine models; one significant interaction in relation to FA out of nine models; Supplemental Table 5 ). First, within the ILF, AB was associated with greater MD values of the right ILF for African
Americans only (Supplemental Table 6 ; Supplemental Figure 2 ). Second, AB was related to
lower MD values of the right ILF at high levels of CU traits, but greater MD values at low levels of CU traits for European Americans only (Supplemental Table 6 ; Supplemental Figure 3) .
However, the level of AB at which the slope became significant was extremely high (AB uncentered score > 70.43) and far exceeded the maximum within this sample (AB maximum uncentered = 47). Third, we found a significant interaction between AB and race related to greater MD in the forceps major, but the simple slopes were not significant for either European Americans or African Americans (Supplemental Table 6 ). Finally, there was a significant interaction between AB and CU traits in relation to FA of the left ATR within African Americans only. Specifically, AB was related to greater FA of the left ATR at low levels of CU traits, but was not significantly associated at mean or high levels of CU traits (Supplemental Table 6 ; Supplemental Figure 4 ). Thus, we found limited moderation of associations between AB+CU traits and white matter microstructure by race, specifically within the ILF and ATR.
A C C E P T E D M A N U S C R I P T
However, most associations that we found were not moderated by race.
Discussion
The current study found significant associations between AB and white matter microstructure that were unique to individuals with high co-occurring levels of CU traits, and were widespread across the brain. Importantly, we did not find any bivariate associations between AB or CU traits and indices of white matter microstructure. However, the interaction between AB and CU traits was significantly related to lower FA and greater MD values in numerous tracts that connect nodes within and between large-scale neural networks (i.e., default mode network, central executive network, salience network) that are postulated to underlie the affective and inhibitory impairments found in AB (Freeman et al., 2015; Hamilton, Hiatt Racer, & Newman, 2015; Tang, Jiang, Liao, Wang, & Luo, 2013) . In particular, greater MD values of the right IFOF were significantly associated with the interaction between AB and CU traits even after a conservative threshold, correcting for multiple comparisons. Moreover, most of the associations among AB, CU traits, and white matter microstructure were not accounted for by additional demographic factors (i.e., race, income) or psychiatric comorbidities. Building on the literature reporting associations between AB and white matter microstructure, we found strong evidence to suggest that CU traits are a critical factor in these associations.
AB+CU Traits are Associated with Widespread Abnormalities in White Matter
Microstructure
In contrast to previous findings and theory that suggest altered structure would be specific to the UF (Blair, 2007; Craig et al., 2009 ), we found altered white matter microstructure in several tracts, across multiple large-scale functional networks (Kollias, 2009 ). Widespread alterations of white matter microstructure have also been linked to AB in studies of adults (e.g.,
A C C E P T E D M
A N U S C R I P T Hoppenbrouwers et al., 2013; Jiang et al., 2017; Lindner et al., 2017; Lindner et al., 2016; Sundram et al., 2012) and youth (e.g., Bolhuis et al., 2019; Decety et al., 2015; Haney-Caron, Caprihan, & Stevens, 2014; Pape et al., 2015; Passamonti et al., 2012; Sarkar et al., 2016; Zhang et al., 2014 ) that have used whole-brain approaches. In particular, we identified associations between AB+CU traits and white matter microstructure in numerous association pathways (i.e., UF, CG, IFOF, ILF, SLF) that connect nodes across the default mode network, the salience network, and the central executive network (Kollias, 2009; Menon, 2011; Mori et al., 2005) .
Notably, the association with the right IFOF appeared the most robust, as this finding was after Bonferroni correction, an extremely conservative threshold used to account for multiple comparisons. Similarly, AB has previously been related to abnormal activation and functional connectivity of multiple brain regions that are implicated in a variety of cognitive functions (e.g., emotion processing, reward processing, inhibitory control; Raine, 2018; Waller, Murray, et al., 2015) . Conceptualizing behavioral deficits characteristic of AB as stemming from network-level dysfunction may therefore be a useful framework to integrate findings across regions and modalities.
Consistent with previous research, we found that AB+CU traits were associated with lower FA in the left UF and greater MD in the right UF. The UF reciprocally connects structures in the frontal lobe to structures in the temporal lobe, including the amygdala (Leng et al., 2016) . Given that the association with the MD of the IFOF was the most robust (i.e., remained significant after Bonferroni correction), it appears that microstructure of this tract in particular may be relevant for AB.
Notably, these tracts represent the physical connections between regions of the default mode network, the salience network, and executive control networks, which act together in the integration of salient emotional and cognitive information to facilitate goal-orientated behavior (Menon, 2011) . Within the current study, abnormalities in the white matter microstructure of these tracts may reflect structural disruptions in the connectivity of the three critical large-scale networks. Abnormal white matter microstructure of pathways within the salience, central executive, and default mode networks could result in a disconnection between affective and cognitive processes, such that affective information (e.g., interpreting other's emotional states) is not integrated with decision-making and behavior (Hamilton et al., 2015) . Thus, widespread white matter microstructure abnormalities in these three large-scale networks may be specific markers for individuals with high AB and high CU traits who demonstrate remorselessness and lack of empathy in addition to reward-seeking, rule-breaking, and aggression.
In contrast to some previous studies of DTI and AB, we did not identify any associations
A C C E P T E D M A N U S C R I P T
with the forceps (major or minor) or the CST (bilaterally). However, the single previous study in adults that had found an association with the forceps minor was within a female clinical sample, with lower FA of the forceps minor differentiating women with conduct disorder from a clinical comparison group (i.e., women matched on clinical co-morbidities) (Lindner et al., 2016) .
Additionally, only three previous adult studies identified associations with subcomponents of the CST (e.g., corona radiata, internal capsule; Jiang et al., 2017; Lindner et al., 2016; Sundram et al., 2012) , and used different approaches to parse apart tracts (e.g., tract-based spatial statistics; Linder et al., 2016 , Jiang et al., 2017 voxel-based approach; Sundram et al., 2012) . Based on the limited work using whole-brain approaches overall, more research is necessary to determine whether our null findings for the forceps and CST are due to measurement or sample differences.
Specificity of Associations
In general, associations between AB+CU traits and white matter microstructure were not accounted for by race, income, or comorbid psychiatric symptoms, which add to the robustness of our findings. We did identify significant interactive effects with race in relation to the MD of Based on the exploratory nature of this aim and the lack of previous research in this area, these
A C C E P T E D M A N U S C R I P T
findings require further replication to better understand the meaning of racial differences in white matter microstructure. Further, in this sample race might be a proxy for additional factors, such as minority-group status, the effects of stress from discrimination, or poverty, and thus it is important to consider our results in a multilayered context (Shaw & Shelleby, 2014) .
Importantly, however, most associations were similar across race, suggesting that in general, widespread abnormalities in white matter microstructure within AB+CU traits is not racespecific. Moreover, accounting for income did not alter any associations. Accounting for psychiatric symptoms only impacted three associations out of eighteen tested (which continued to show a similar in effect size to models without these symptoms). Notably, previously identified neural correlates of AB (e.g., disrupted amygdala-PFC connectivity) have also been associated with depression and other psychiatric disorders (Buckholtz & Meyer-Lindenberg, 2012) , suggesting these neural correlates are not unique markers of AB. Interestingly, however, in the current study we continued to find associations between white matter microstructure and AB in the presence of high CU traits even when accounting for comorbid symptomatology. Thus, the white matter microstructure abnormalities identified in this study were indeed specific to AB+CU traits, even after accounting for demographic and psychiatric confounds.
Moderation and Sample Issues
Results from previous studies that have primarily assessed male forensic samples may also reflect associations with AB+CU traits, as offender samples are typically characterized by both higher rates of antisocial behavior and psychopathic/CU traits (Frick & Myers, 2017; Patrick, 2007) . Notably, only two studies have parsed apart associations unique to AB versus CU/psychopathic traits in adult samples, both of which were offender populations (Motzkin et al., 2011; Vermeij et al., 2018) . Motzkin et al (2011) found that psychopathic male inmates had
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significantly lower FA in the right UF compared to non-psychopathic male inmates, and did not find differences in other comparisons tracts (e.g., ILF/IFOF, SLF, superior frontal occipital fasciculus). However, the authors did not extract MD values and did not examine associations with the affective features of psychopathy specifically, which are the features akin to CU traits.
More recently, Vermeij et al (2018) found that affective features of psychopathy specifically were associated with lower FA in the bilateral ILF, bilateral IFOF, and right UF within offenders with co-morbid impulsive control problems only, but not across the entire sample of offenders.
In the current study, we did not identify any significant bivariate correlations between white matter microstructure and AB or CU traits, whereas AB+CU traits were associated with microstructural abnormalities of the UF in addition to several other tracts (i.e., CG, IFOF, ILF,
SLF, ATR).
After probing significant interactions to determine the region of significance, we found that significant associations between white matter microstructure and AB were only present in participants that had elevated levels of both AB and CU traits, similar to a recent case-control study comparing AB+CU+ to AB+CU-groups (e.g., Puzzo et al., 2018) . Depending on the tract, participants had to endorse between 11 to 21 items on our measure of AB to meet the severity threshold for AB (i.e., had to endorse engaging in at least 11 antisocial behaviors) to find significant results. These endorsement rates were close to the mean in the current sample (Range: 0 -47; M: 9.94). In terms of the region of significance for CU traits, less than a third of our participants met the severity threshold for the CU traits factor score at which AB and white matter microstructure were associated. Thus, it is unsurprising that we did not identify main effects of either AB or CU traits, given that these effects did not emerge until participants reached the mean of AB and were in the top third of the sample on CU traits. As our sample was
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A C C E P T E D M A N U S C R I P T from the community but effectively enriched on AB, limited ranges of AB and CU traits could explain null findings in previous studies of community samples that did not explore interactive effects. At the same time, these findings support the use of enriched community samples in which there were a substantial number of participants "high enough" on AB and CU traits to observe these relationships, while also being able to examine these relationships dimensionally across those in the community.
Strengths and Limitations
The findings of the present study were strengthened by several factors, including a large, racially diverse community sample within a narrow age range and robust assessment of other potentially confounding factors, including socioeconomic status and co-morbid psychopathology, as well as use of a whole-brain approach and extracting both FA and MD
values. In addition, we used a strict Bonferroni correction across multiple comparisons, and this approach highlights that the associations with the right IFOF are the most robust. Nevertheless, our findings should be considered in the context of several limitations. First, the indices of FA and MD are relatively nonspecific markers of white matter microstructure, such that we are unable to determine the specific factors (e.g., myelination, axon density, axon diameter, branching of tracts) that influence differences (Beaulieu, 2002; Jones, Knösche, & Turner, 2013) .
Moreover, a general limitation of DTI research and the interpretation of FA and MD arises from the fitting of a tensor model. We reconstructed fiber pathways using deterministic tractography, which can be limited in terms of the accuracy with which directions and pathways of fibers is determined, particularly for brain regions containing differently oriented fiber bundles within the same voxel (Jones et al., 2013; Soares et al., 2013) . Crossing fibers impact FA more than MD (Soares et al., 2013) , which could explain the inconsistencies between our FA and MD findings.
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However, deterministic tractography can better account for tract variability between subjects, including specific tract location and shape (Lebel et al., 2017) , thus making this a more ideal approach in our diverse sample. Moreover, the use of deterministic tractography allowed us to directly compare our findings to previous research in adults (Beyer, Münte, Wiechert, Heldmann, & Krämer, 2014; Craig et al., 2009; Motzkin et al., 2011; Sethi et al., 2015; Sobhani, Baker, Martins, Tuvblad, & Aziz-Zadeh, 2015) . Finally, while previous studies have also examined associations between AB and other indices of white matter microstructure (i.e., RD and AD), we chose not to include these analyses because of previous research that has suggested these indices are highly susceptible to noise (Pierpaoli & Basser, 1996) and cannot be reliably interpreted (Jones et al., 2013; Wheeler-Kingshott & Cercignani, 2009 ), as well as to limit comparisons.
Second, our analytic approach involved multiple comparisons, although we sought to limit the number of models by combining bilateral tracts when possible. Importantly, we did have findings that were significant at a conservative threshold (i.e., Bonferroni correction) in the right IFOF, which strongly supports the associations between AB+CU traits and abnormalities in this tract. This suggests that, despite the problematic nature of multiple comparisons, it is nevertheless important to expand beyond the single ROI approach that has been traditionally utilized in the field. As an additional consideration for future work, associations varied in terms of laterality for both MD and FA. While previous studies have identified structural asymmetries of white matter, the functional consequence of lateralization of white matter tracts is still being explored (de Schotten et al., 2011) , thus limiting our ability to interpret these findings. Third, within this study we examined cross-sectional associations between AB and white matter microstructure, and thus the directionality of the associations is unclear. Further research is needed to clarify whether white matter abnormalities emerge as a result of AB across
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A N U S C R I P T development, or whether white matter abnormalities lead to the emergence of AB. Fourth, within the current study we did not have strong data on medication usage, preventing us from accounting for individual differences in medication type and usage in analyses. Fifth, associations may differ according to the measurement of AB. For instance, the self-report of delinquency captures versatility in AB (i.e., includes a variety of antisocial acts) and frequency (though only on a 0, 1, 2 scale), whereas other measures may better reflect severity of specific antisocial acts or a history of antisocial behaviors (e.g., clinical symptoms of antisocial personality disorder). The SRD does not contain clinical or forensic cut-offs, so it is difficult with our current measurement of AB to comment on our finding's clinical/forensic utility.
Finally, our results may not generalize to different populations, including women, additional racial or ethnic categories (e.g., Hispanic), youth/adolescents, or clinical populations, or those higher in socioeconomic status and/or living in rural or suburban communities.
Conclusion
In the current study, we found significant associations between AB and white matter microstructure that were widespread across the brain and were dependent on high co-occurring levels of CU traits in a racially diverse community sample of young adult men. Our findings challenge the current focus of the field, almost exclusively on the UF. Moreover, AB was only associated with differences in white matter at high levels of CU traits, suggesting that relationships between AB and brain structure and function may not be linear and may only be present in those with more extreme levels of AB or in those with a specific type of AB (i.e., with CU traits). AB+CU traits were associated with abnormal white matter microstructure primarily in association pathways (i.e., UF, CG, IFOF, SLF, ILF), and thalamic pathways (i.e., ATR), and these associations in general did not differ according to race, socioeconomic status, or comorbid
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A C C E P T E D M A N U S C R I P T psychiatric symptoms. Taken together, these findings suggest that AB+CU traits is characterized by impairment in broad neural networks involved in fear conditioning, reward processing, and inhibitory control, consistent with recent theories of AB (Hamilton et al., 2015) .
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A C C E P T E D M A N U S C R I P T thalamic radiation. All models controlled for participant age and race. All models included scores on AB, CU traits, and an interaction term of CU traits x AB. For bilateral tracts, each model included both right and left tracts (i.e., both ATR-L and ATR-R were included in one model). Model 2: beta weights of models that also included yearly income as a covariate. Model 3: beta weights of models that also included scores of substance dependence symptoms, social phobia symptoms, depressive symptoms, anxiety symptoms, and post-traumatic stress disorder symptoms. beta weights of models that also included yearly income as a covariate. Model 3: beta weights of models that also included scores of substance dependence symptoms, social phobia symptoms, depressive symptoms, anxiety symptoms, and post-traumatic stress disorder symptoms.
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A N U S C R I P T Note. 1 = interaction term was significant bilaterally. When interaction terms were significant bilaterally, we probed the interaction for the tract with the larger effect size. AB= antisocial behavior; CU = callousunemotional traits. UF-R = right uncinate fasciculus; UF-L = left uncinate fasciculus; CG-R = right cingulate gyrus; IFOF-R = right inferior occipital fasciculus; IFOF-L = left inferior occipital fasciculus; SLF-L = left superior occipital fasciculus; ILF-R= right inferior longitudinal fasciculus; ILF-L = left inferior longitudinal fasciculus; ATR-L = left anterior thalamic radiation. All models controlled for participant age and race. Models were ran using centered variables of AB (Range -9.80 -37.20; M .14; SD 8.19; Uncentered Range: 0 -47; Uncentered M 9.94) and CU traits (Range -1.84 -3.24; M -.016; SD .96; Uncentered Range -1.90 -3.18; Uncentered M -.07). Region of significance (RoS) indicate the centered value at which the simple slopes are significantly different from zero (i.e., UF-L FA: at centered values of CU traits greater than .36, the simple slope is significantly different from zero). The last column indicates the percentage of the sample that exceeds the threshold of CU traits at which the simple slope is significantly different from zero.
A N U S C R I P T African Americans: Greater FA in AB+CU-Note. 1 = association significant after controlling for income; 2 = association significant after controlling for income & co-morbid psychopathology; 3 = association significant at conservative Bonferroni correction standard accounting for multiple comparisons (.05 / 18 models = .003). AB= antisocial behavior; CU traits = callous-unemotional traits. UF-R = right uncinate fasciculus; UF-L = left uncinate fasciculus; CG-R = right cingulate gyrus; CG-L = left cingulate gyrus; IFOF-R = right inferior occipital fasciculus; IFOF-L = left inferior occipital fasciculus; SLF-R = right superior occipital fasciculus; SLF-L = left superior occipital fasciculus; ILF-R= right inferior longitudinal fasciculus; ILF-L = left inferior longitudinal fasciculus; FMaj = forceps major; FMin = forceps minor; CST-R = right corticospinal tract; CST-L = left corticospinal tract; ATR-R = right anterior thalamic radiation; ATR-L = left anterior thalamic radiation; FA = Fractional anisotropy; MD = Mean diffusivity. All models controlled for participant age and race. All models included scores on AB, CU traits, and an interaction term of CU traits x AB (AB+CU traits). For bilateral tracts, each model included both right and left tracts (i.e., both ATR-L and ATR-R were included in one model). Significant interactions with race (i.e., AB x Race, CU traits x Race or AB x CU traits x Race) are included in the findings column.
A N U S C R I P T Figure 1 . Callous-unemotional (CU) traits as a moderator of associations between antisocial behavior (AB) and microstructure of the CG. A. CU traits as a moderator of the association between AB and fractional anistropy of the right CG. Note. CG = cingulate. Simple slopes plotted at mean levels, 1 SD above the mean, and 1 SD below the mean for CU traits, as recommended by Aiken et al. (1991) and using an online computational tool (Preacher et al., 2006) . Star next to line indicates significant slope. At high levels of CU traits, but not low or mean levels of CU traits, lower FA values of the right CG were significantly related to higher AB. AB scores presented have been centered. The dashed line indicates the level of AB at which the association is significant (AB centered score > 2.03; AB uncentered score > 11.97; 33.1% of the sample). B. CU traits as a moderator of the association between antisocial behavior and mean diffusivity of the right CG. Note. CG = cingulate. Simple slopes plotted at mean levels, 1 SD above the mean, and 1 SD below the mean for CU traits, as recommended by Aiken et al. (1991) and using an online computational tool (Preacher et al., 2006) .Star next to line indicates significant slope. At high levels of CU traits, but not low or mean levels of CU traits, greater MD values were significantly related to higher AB. AB scores presented have been centered. The dashed line indicates the level of AB at which the association is significant (AB centered score > .38; AB uncentered score > 10.32; 38.2% of the sample)
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A C C E P T E D M A N U S C R I P T Highlights  Antisocial Behavior (AB; aggression, rule breaking) is a major public health concern  AB and Callous Unemotional (CU) traits may emerge from disrupted neural connections  AB was associated with white matter microstructure only at high levels of CU traits  Associations did not differ according to race, income, or comorbid psychopathology  Results suggest a unique neural profile for severe AB when combined with CU traits
